Abstract: Esophagectomy is pivotal for the long-term survival in patients with early stage and advanced esophageal cancer, and improved perioperative care and advanced surgical techniques have contributed to reduced postoperative morbidity. However, despite these advances, esophagectomy continues to be associated with significant morbidity and mortality. Minimally invasive esophageal surgery (MIE) has been increasingly used in patients undergoing surgery for esophageal cancer. Potential advantages of MIE include the decreased postoperative pain; lower postoperative wound infection, decreased pulmonary complications, and decreased length of hospitalization. Robotic esophageal surgery has the ability to overcome some of the limitations of laparoscopic and thoracoscopic approaches to esophagectomy while maintaining the benefits of the minimally invasive approach. In this article, we will review the clinical efficacy and outcomes associated with robotic-assisted Ivor Lewis esophagectomy (RAIL).
Introduction
It is estimated that there will be 16,910 new cases of esophageal cancer diagnosed, with 15,690 dying from the disease in the USA in 2016. 1 The majority of esophageal cancers are either adenocarcinoma or squamous cell carcinoma. Although surgical resection is the accepted treatment for early-stage disease, the use of trimodality therapy of neoadjuvant chemoradiation (NCR) followed by surgical resection has been associated with improved survival for advanced disease. 2, 3 Esophagectomy is pivotal for the long-term survival in patients with early stage and advanced esophageal cancer, and improved perioperative care and advanced surgical techniques have contributed to reduced postoperative morbidity. However, despite these advances, esophagectomy continues to be associated with significant morbidity and mortality. 4, 5 Although survival for patients with resected esophageal cancer has improved with the institution of multimodality treatment, the morbidity from esophagectomy remains high at 30%-60%. [6] [7] [8] [9] [10] [11] [12] [13] Traditionally, esophagectomy is performed through two to three large incisions via transabdominal or transthoracic approach. [14] [15] [16] [17] [18] [19] Ivor Lewis esophagectomy (ILE) is a common surgical approach for esophageal resection. The other approaches that are routinely used are the transhiatal esophagectomy (THE) and three-field esophagectomy. ILE is performed using both a right posterolateral thoracotomy incision and an abdominal incision.
A significant source of the morbidity from this approach is due to the right thoracotomy. These complications include significant postoperative pain, atelectasis, submit your manuscript | www.dovepress.com
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Nora et al pneumonia, and atrial fibrillation with pulmonary and wound complications being the most common morbidities associated with the transthoracic approach. Minimally invasive esophageal surgery (MIE) has been increasingly used in patients undergoing surgery for esophageal cancer. Potential advantages of MIE include the decreased postoperative pain; lower postoperative wound infection, decreased pulmonary complications, and decreased length of hospitalization (LOH). Robotic esophageal surgery has the ability to overcome some of the limitations of laparoscopic and thoracoscopic approaches to esophagectomy. Specifically, it allows for a broader view of the operative field in the mediastinum, three-dimensional camera views, as well as greater range of instrument motion and articulation. The application of laparoscopic, thoracoscopic, and robotic approaches to esophageal resection have demonstrated equivalent oncologic outcomes compared to open techniques [20] [21] [22] [23] with some authors reporting benefit in postoperative morbidity.
24,25
Methods
A query was performed utilizing PubMed with keywords "robotic esophagectomy, Ivor Lewis esophagectomy, and trans-thoracic esophagectomy" to identify existing peerreviewed manuscripts reporting outcomes associated with robotic esophagectomy. One hundred twenty-five manuscripts were identified and 51 were included in this review.
We then performed a retrospective review of the author's prospective robotic esophageal database of patients undergoing robotic-assisted Ivor Lewis esophagectomy (RAIL) from 2009 to 2014 after obtaining study approval from our Institutional Review Board (IRB#15-onc-23). All patients, regardless of age, race, tumor stage or location, or neoadjuvant therapy, were included in the cohort. Patients were required to have a tissue diagnosis of high-grade dysplasia or cancer, but were not excluded based upon histologic variant. Basic demographics, tumor characteristics, operative details, and postoperative outcomes were recorded. Patients were included only if they underwent RAIL. Patients with midesophageal tumors who underwent McKeown or transhiatal esophagectomy were excluded from this analysis. All patients underwent intra-corporeal intra-thoracic anastomosis with robotic assistance.
End points and statistical analysis
The primary end points were operating room (OR) time, estimated blood loss (EBL), intensive care unit days following surgery, and LOH. Secondary end points included perioperative adverse events (AE) (<90 days following surgery), including pneumonia, cardiac arrhythmia, deep vein thrombosis (DVT)/pulmonary embolism (PE), wound infection, leak, and 90-day mortality. Readmissions and outcomes with neoadjuvant therapy were also analyzed.
Statistical analysis was performed using SPSS version 21.0 (IBM Corp, Armonk, NY, USA). Continuous variables were compared using the Kruskal-Wallis or the analysis of variance tests as appropriate. Pearson's chi-square test was used to compare categorical variables. All statistical tests were two-sided and an α (type I) error <0.05 was considered statistically significant. 
Open versus MIE
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Robotic-assisted Ivor Lewis esophagectomy p=0.046). There was similar resection margin positivity, readmission, and 30-day mortality. Survival was similar between the matched groups at 3 years. A meta-analysis of 48 studies involving 14,311 patients revealed that compared to open patients, MIE patients experienced less in-hospital mortality, pulmonary complications, PE, and arrhythmias, with no differences in anastomotic leak. 30 However, a systematic review and meta-analysis reporting on 6,058 patients treated between 1985 and 2015 resulted in higher hiatal hernia rates in MIE patients compared to open (4.5% versus 1%). 31 In a randomized trial of open versus MIE assessing quality of life at 1 year, MIE was shown to be superior for physical component, global health, and pain. They demonstrated a 23% reduction in mortality when esophageal resections were performed by high-volume surgeons. 33 These findings were independent of hospital volume.
Robotic approaches to esophagectomy (RAIL)
Utilization of robotics in surgery has the potential to increase accuracy in dissection through improved visualization and maneuverability while minimizing blood loss and postoperative recovery time. RAIL is a newer technique with some potential advantages over conventional minimally invasive approaches to esophagectomy. Traditional laparoscopic and thoracoscopic instruments are rigid, nonarticulating, with limited reticulation, and two-dimensional camera. Robotic arms have instrumentation that articulates and reticulates more so than a surgeon's capability. However, these movements more closely mimic open surgical techniques. The superior capabilities of the robotic arms improve maneuverability particularly in confined spaces. The additional fourarm allows the surgeon to switch between these instruments while also controlling the three-dimensional camera. This enhanced dexterity and visualization may lead to decreased manipulation of friable tissues while improving potential nodal harvest, thus allowing the surgeon to perform complex operations that historically could only be performed via open approaches. These benefits were acknowledged by surgeons which has been a dramatic increase in the usage of robotics for esophageal resection (Figure 1) . Although the cost of using the surgical robot is significantly higher than other procedures, these costs may be offset by decreased LOH, morbidity, and blood loss.
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RAIL: technique Abdominal phase
In the abdominal portion of the esophagectomy, five ports are often used ( Figure 2 ). The patient is placed in a supine position on the operating table. The camera port is placed most often above the level of the umbilicus. 25, [35] [36] [37] [38] Two robotic 
Thoracic phase
The patient is placed in a lateral decubitus position and the right thorax is entered through the sixth intercostal space, where an 8 mm port (10 mm port for SI system) is inserted for the robotic camera. A robotic port is then placed in the third intercostal space for robotic arm number 4 (XI system, arm 1 for SI system). A 4 cm incision is made at the ninth intercostal space, which serves as the access for the assistant (Figures 3, 4 ). An 8 mm robotic port is placed at the tenth posterior intercostal space for an additional robotic arm. The pleura over the azygos vein is incised and mobilized completely with the hook cautery. The vein is transected with a vascular stapler. The esophagus is mobilized en bloc down to the gastroesophageal junction dissecting all visible lymph nodes in the periesophageal area, periaortic area, inferior pulmonary ligament, and subcarinal nodal basins. The specimen is then removed and checked for margin status. The esophagogastric anastomosis is created using a 25 mm anvil passed transorally (Orvil, Autosuture, Norwalk, CT, USA). After a nasogastric tube is brought down proximal to the newly created anastomosis, the chest is filled with saline and 40 mL of air is instilled into the proximal esophagus to check for anastomotic leaks. An omental patch is finally secured around the anastomosis.
Outcomes with robotic approaches to esophagectomy
When completed by an experienced surgeon, RAIL has comparable times to esophagectomies performed via thoracoscopic and laparoscopic approaches. 39 However, compared to the robotically assisted transhiatal esophagectomy (RATE), the operative time for RAIL was nearly double. 35 The increase in operating time can be due to a number of factors, including the time necessary for moving the patient into the left lateral decubitus or prone position for the thoracic portion of the surgery, or the time needed to redock the robot for the thoracic phase. In an effort to decrease operating times, many surgeons used a hybrid procedure of laparoscopy for the abdominal phase and the robot for the thoracic phase. 36 Although, as the surgeon increases his volume, the abdominal phase can be performed with comparable operative times. 38 RAIL has demonstrated fewer complications (pulmonary, wound, cardiovascular, and overall) compared with open ILEs. 40 In addition, LOH was significantly lower in the RAIL versus open. However, compared with RATE, RAIL results in increased pulmonary complications. 41 This is likely due to the increased length of operation and longer time under single-lung ventilation. As the operative time for RAIL continues to decrease the pulmonary complications dropped, as shown by the continual decrease in the rates of postoperative pneumonia demonstrated by Hernandez et al. 38 Conversely, RATE has increased rates of major complications compared to RAIL. These include an increased anastomotic leak rate, 35 ,41 a higher incidence of recurrent laryngeal nerve injuries, wound complications, and aspiration. 42, 43 We have demonstrated similar results with our own retrospective analysis illustrating superior postoperative outcomes with RAIL compared to open and other MIE approaches. Anastomotic leaks, pneumonias, wound complications, and any complication were all found to be statistically lower in the cohort of patients who underwent RAIL (Table 1) .
Although the R0 resection rates for RATE and RAIL may be equivalent, RAIL provides a better ability to perform an extended lymphadenectomy of the mediastinal lymph nodes which may have staging and survival implications. 25, 34, 40, 42 Lymph node retrieval in RATE is limited by the robotic arm's ability to fit through the diaphragmatic hiatus and visualization into the thoracic cavity from the abdomen. Therefore, the cephalad extent of lymph node dissection and nodal harvest in RATE is inferior compared to RAIL. In comparison of our own data with varying esophagectomy techniques, RAIL was superior to other techniques with median lymph node retrieval for open ILE, RAIL, MIE ILE, and MIE transhiatal being 10, 20, 14, and 9, p=0.001( Table 2) . 44 
Learning curve for robotic-assisted esophagectomy
The decrease in postoperative morbidity by MIE and robotics has not been reproduced in all surgeon's experience 21, 45, 46 with many reporting significant complications early in the surgeon's learning curve. The learning curve for any operation is the number of times a particular procedure must be 
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Nora et al undertaken in order to complete it repeatedly with high accuracy and precision. 47 There is an additional component to the learning curve which must be taken into consideration with application of innovative surgical procedures; this being postoperative morbidity and mortality.
Meredith et al defined the learning curve for RAIL in their series of 52 patients who underwent robotic-assisted esophageal resection for malignant esophageal disease via the transthoracic approach. They demonstrated a significant reduction in operative times following completion of 20 procedures (514±106 minutes versus 397±71.9 minutes; p<0.005). No conversions to open thoracotomy were required and there were no in-hospital mortalities with 30-and 90-day mortalities at 0.68% and 1.4%, respectively. Complications were low, and not significantly different between any tenpatient cohort; however, there was a trend toward lower complications after the first 29 cases (n=10 [34%] versus n=4 [19%] p=0.07). They concluded that a surgeon must perform a minimum of 20 cases to surpass the technical component, and 29 cases for the postoperative morbidity component of the learning curve. 38 This poses a significant issue for lowvolume surgeons as it would take 3 or more years to surpass their learning curve. Given the strong association between volume and outcomes, patients interested in minimally invasive and robotic esophageal resections should be referred to high-volume surgeons who are well above the learning curve for these technically challenging operations.
To decrease the learning curve for complex robotic procedures, some programs have instituted robotic training during surgical residency and fellowships with a combination of clinical and simulation tasks. These simulation tasks increase in complexity as the resident progresses. In addition, programs will track the total amount of time on the simulation modules to track progress. Once benchmarks are met, the residents and fellows are given increased responsibilities during the operative case as they progress. When the residents and fellows graduate, they should have obtained the necessary skills to expand their robotic practice to decrease their learning curve.
Robotic-assisted approaches in special populations
Neoadjuvant chemoradiotherapy
NCR has been associated with significant perioperative morbidity and mortality. 48 However, there are scarce data on the use of neoadjuvant therapy in the MIE population. Shridhar et al reported on 89 RAIL patients, 69 of whom received NCR. 49 The patients who underwent NCR had a higher body mass index (BMI) than those who went straight to esophagectomy (31 versus 27; p=0.001). There were no conversions to open laparotomy or thoracotomy in either group. Overall complication rate was 19%. There were no differences in the mean operative times, EBL, or complication rate. There were no deaths in either group and LOH as well as nodal harvest was similar. Coker et al reported on a small series of MIE THE patients treated with NCR. 43 In their series, median operative time was 231 minutes and median EBL was 100 mL. There were no conversions to open surgery. Complications included seven strictures, two anastomotic leaks, and two pericardial/ pleural effusions requiring drainage. One patient required pyloroplasty 3 months after esophagectomy. One patient died from pulmonary failure 21 days after surgery (30-day mortality rate of 4%). The median length of stay was 9 days (range, 7-37 days). Seven of the 19 patients who underwent preoperative chemoradiation had a complete response on final pathology. The mean lymph node yield was 15 (range, 5-29), and surgical margins were negative for cancer in 21 cases.
Elderly
Abbott et al found that age did not correlate with complications. 50 In that retrospective study, 134 patients who underwent MIE ILE, were stratified by age (≤49, 50-69, and ≥70 years). There was no statistically significant difference for operative time, LOH, AE, or mortality. The overall AE rate was 10% (cohort 1), 22% (cohort 2), and 35% (cohort 3), p=0.13. There were five (4%) leaks and two (1.5%) deaths, but this was not significantly different between cohorts (p=0.40 and p=0.91, respectively).
Body mass index
The impact of body weight on outcomes after robotic-assisted esophageal surgery for cancer has not been studied. Salem et al reported on the short-term operative outcomes in patients according to their BMI following RAIL at a highvolume tertiary-care referral cancer center and evaluated the safety of robotic surgery in patients with an elevated BMI. 51 Patients were stratified by BMI index at admission for surgery according to World Health Organization criteria; normal range is defined as a BMI range of 18.5-24.9 kg/m 2 . Overweight is defined as a BMI range of 25.0-29.9 kg/m 2 and obesity is defined as a BMI of ≥30 kg/m 2 . One hundred twenty-nine patients were included with the majority of patients receiving neoadjuvant therapy. All patients had R0 resection. Median OR time was 407 minutes. Medians of OR time across the normal weight, overweight, and obese groups were 387, 395, and 445 minutes, respectively. Median
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Robotic-assisted Ivor Lewis esophagectomy EBL was 150 cm 3 . When stratified by BMI, medians of EBL across the normal weight, overweight, and obese groups were 100, 150, and 150 cm 3 , respectively. Obesity significantly correlated with longer OR time (p=0.05), but without significant increased EBL (p=0.348). Among the three BMI groups, there was no difference in postoperative complications including thrombotic events (PE and DVT) (p=0.266), pneumonia (p=0.189), anastomotic leak (p=0.090), wound infection (p=0.390), any cardiac events (p=0.793), or 30-day mortality (p=0.414).
Conclusion
MIE results in fewer pulmonary complications, shortened hospital stays, and improved quality of life without compromising oncologic outcomes, such as margin status, nodal harvests, and most importantly, survival compared to open approaches. The RAIL demonstrates similar outcomes compared to other MIE techniques. RAIL can also safely be performed with additional efficacy demonstrated in elderly patients, obese patients, and in patients who undergo neoadjuvant therapy. Although there is a substantial learning curve associated with RAIL, as the number of cases performed increases, the length of operation and postoperative morbidity is decreased. Given the steep learning curve, and strong association with surgeon volume and operative outcomes, patients interested in this approach should be referred to high-volume surgeons who have surpassed their learning curve. Future comparisons between minimally invasive and robotic techniques are needed to determine the best approach for esophageal resection.
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